Reduced-intensity conditioning (RIC) regimens are established options for hematopoietic stem cell transplantation (HSCT) for patients with acute myeloid leukemia (AML) and myelodysplastic syndrome (MDS). However, the efficacy of RIC regimens for patients with high-risk disease is limited. The addition of a fludarabine, amsacrine, and cytarabine (FLAMSA)-sequential conditioning regimen was introduced for patients with high-risk MDS and AML to combine a high anti-leukemic activity with the advantages of RIC. The current systematic literature review and meta-analysis was conducted with the aim of identifying all cohort studies of patients with AML and/or MDS who received FLAMSA-RIC to determine its efficacy and toxicity. Out of 3044 retrieved articles, 12 published studies with 2395 overall patients (18.1-76.0 years; 96.8% AML and 3.2% MDS; follow-up duration of 0.7-145 months; 50.3% had active AML disease before HSCT) met the eligibility criteria and were included in the meta-analysis. In the pooled analysis, the 1-and 3-year overall survival (OS) rates were 59.6% (95% confidence interval (CI), 47.9-70.2%) and 40.2% (95% CI, 28.0-53.7%), respectively. The pooled 3-year OS rate of the patients who achieved CR1 or CR2 prior to HSCT was 60.1% (95% CI, 55.1-64.8%) and the percentage of those with relapse or refractory disease was 27.8% (95% CI, 23.3-32.8%). The pooled 3-year leukemia-free survival (LFS) rate was 39.3% (95% CI, 26.4-53.9%). Approximately 29% of the patients suffered from grades 2-4 acute graft-versus-host disease (GVHD), while 35.6% had chronic GVHD. The pooled 1-and 3-year non-relapse mortality (NRM) rates were 17.9% (95% CI, 16.1-19.8%) and 21.1% (95% CI, 18.8-23.7%), respectively. Our data indicates that the FLAMSA-RIC regimen is an effective and well-tolerated regimen for HSCT in patients with high-risk AML and MDS. the efficacy of RIC regimens for patients who do not achieve a complete remission (CR) is limited [2] . The combination of fludarabine, amsacrine, and cytarabine (FLAMSA)-polychemotherapy with RIC was initially adopted by Schmid et al. for patients with high-risk myelodysplastic syndrome (MDS) and acute myeloid leukemia (AML) [3-5] to combine high anti-leukemic activity with the advantages of RIC. Although several variations have been published [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , the 'classic' FLAMSA-RIC regimen consists of fludarabine, amsacrine, and cytarabine, followed by RIC with 4-Gy total body irradiation (TBI), high-dose cyclophosphamide (Cy), antithymocyte globulin (ATG), and prophylactic donor lymphocyte infusions (DLI) if indicated. Because of initially promising data, especially in poor prognosis AML patients, FLAMSA-RIC was adopted by many transplantation centers, and variations that included busulfan (Bu) or treosulfan were established. The current systematic review and meta-analysis was conducted with the aim of identifying all cohort studies that have investigated the efficacy and toxicity of the FLAMSA-RIC regimen and summarize their results.
Introduction
Reduced-intensity conditioning (RIC) regimens were initially introduced to reduce the adverse effects associated with myeloablative conditioning (MAC) and to improve the chance of successful hematopoietic stem cell transplantation (HSCT), especially in elderly and frail patients [1] . However, Three investigators (W.O., P.U. and S.K.) independently searched for published articles indexed in MEDLINE and EMBASE databases from their inception to May 2019. The search strategy is available as Supplementary Data 1. The references of the included studies were also manually reviewed for additional eligible studies. This study was undertaken in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement, which is available as Supplementary Data 2 [17] .
Selection Criteria and Data Extraction
Studies included in this meta-analysis were cohort studies (either prospective or retrospective) of patients with AML and/or MDS who received FLAMSA-RIC regimens, which reported our primary outcomes of interest (overall survival (OS) and/or leukemic-free survival (LFS) rates). The secondary outcomes of interest, which included non-relapse mortality (NRM) rate, relapse rate (RR), full chimerism rate, grades 2-4 acute GVHD (aGVHD) rate, and chronic GVHD (cGVHD) rate were also collected for analysis but were not part of the inclusion criteria. Assessment of the eligibility of each study was independently conducted by three investigators. In the event of opposing decisions regarding a study's eligibility, the study in question was reviewed by the three investigators together and the final determination was reached by mutual consensus.
Definition of Treatment Response and Outcome
Complete remission (CR) was defined as bone marrow blasts of < 5%, the absence of circulating blasts and blasts with Auer rods, the absence of an extramedullary disease, an absolute neutrophil count (ANC) of ≥ 1.0 × 10 9 /L and a platelet count of ≥ 100 × 10 9 /L [8] . Refractory AML was defined as failure to achieve CR following induction or salvage chemotherapy. Relapse AML was defined as recurrence of disease after CR. Overall survival (OS) rate was defined as the percentage of patients who were still alive at the time of interest (such as at 1 year after transplantation). Leukemia-free survival (LFS) rate was defined as the percentage of patients who were still alive and did not have leukemia at the time of interest. Non-relapse mortality (NRM) was defined as any death without previous relapse or progression.
Statistical Analysis
All data analyses were performed using the Comprehensive Meta-Analysis program, version 2.2 (Biostat, Englewood, NJ, USA). Using a standardized data extraction algorithm, two authors (W.O. and P.U.) extracted and tabulated all data from each study. The pooled rates and 95% confidence interval of OS rate, LFS rate, NRM rate, relapse rate, full chimerism rate, aGVHD rate, and cGVHD rate were calculated using the DerSimonian-Laird random-effect model with double arcsine transformation [18] . A random-effect model, rather than fixed-effect, was used because of the high likelihood of between-study heterogeneity. Cochran's Q test and I 2 statistic were used to determine the between-study heterogeneity. I 2 statistic quantified the proportion of total variation across studies that is due to heterogeneity rather than chance. An I 2 value of 0% to 25% represents insignificant heterogeneity, greater than 25% but less than or equal to 50% represents low heterogeneity, greater than 50% but less than or equal to 75% represents moderate heterogeneity, and greater than 75% represents high heterogeneity [19] .
Results
The search strategy yielded 3044 potentially relevant articles (504 articles from MEDLINE and 2540 from EMBASE). After exclusion of 416 duplicated articles using the EndNote X8 software, 2628 articles underwent title and abstract review. A total of 2607 articles were excluded at this stage as they did not meet the inclusion criteria based on type of article, study design, subjects and interventions used. A total of eighteen articles underwent full-text review and 9 of them were excluded because they did not report the primary outcomes of interest. Finally, 12 studies fulfilled the eligibility criteria and were included in the meta-analysis [3, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . A manual review of the bibliography of the included studies, and some selected review articles, did not yield any additional eligible studies. Figure 1 summarizes the literature review and identification process. The main characteristics of the included studies are described in Table 1 . likelihood of between-study heterogeneity. Cochran's Q test and I 2 statistic were used to determine the between-study heterogeneity. I 2 statistic quantified the proportion of total variation across studies that is due to heterogeneity rather than chance. An I 2 value of 0% to 25% represents insignificant heterogeneity, greater than 25% but less than or equal to 50% represents low heterogeneity, greater than 50% but less than or equal to 75% represents moderate heterogeneity, and greater than 75% represents high heterogeneity [19] .
The search strategy yielded 3044 potentially relevant articles (504 articles from MEDLINE and 2540 from EMBASE). After exclusion of 416 duplicated articles using the EndNote X8 software, 2628 articles underwent title and abstract review. A total of 2607 articles were excluded at this stage as they did not meet the inclusion criteria based on type of article, study design, subjects and interventions used. A total of eighteen articles underwent full-text review and 9 of them were excluded because they did not report the primary outcomes of interest. Finally, 12 studies fulfilled the eligibility criteria and were included in the meta-analysis [3, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . A manual review of the bibliography of the included studies, and some selected review articles, did not yield any additional eligible studies. Figure 1 summarizes the literature review and identification process. The main characteristics of the included studies are described in Table 1 . 
Baseline Patient Characteristics
A total of 12 studies with 2395 patients receiving FLAMSA-RIC regimen were included in this meta-analysis. 52.2% were male, age ranged from 18.1 to 76.0 years (46% were age 55 years or older). AML was by far the most common underlying hematological disease (70.6% de novo AML and 26.2% secondary AML). Only 3.2% of the analyzed patients had high-risk MDS. Thirty-seven per cent of the patients were in CR1, 11.4% of the patients were in CR2, and 50.3% of the patients had active AML prior to HSCT (49.9% relapse and/or refractory disease and 0.4% untreated AML). Baseline clinical characteristics of those patients are summarized in Table 2 . 
FLAMSA Variations, Stem Sources, and GVHD Prophylaxis
The FLAMSA regimen consists of fludarabine (30 mg/m 2 ; total dose 120 mg/m 2 ), amsacrine (100 mg/m 2 ; total dose 400 mg/m 2 ), and cytarabine (2 g/m 2 ; total dose 8 g/m 2 ) therapy from days minus 12 to minus 9, followed by a three-day interval without therapy and RIC. Several RIC protocols were included in this meta-analysis: (1) 4 Gy TBI plus Cy, (2) Bu/Cy, (3) treosulfan/Cy, (4) melphalan (Mel), (5) fludarabine (Flu)/Bu, (6) Bu alone, or (7) Mel/thiotepa. Almost all patients received rabbit anti-thymocyte globulin (rATG; 10-20 mg/kg from day minus 4 to day minus 2, according to donor type). Details of all included FLAMSA-RIC regimens, GvHD prophylaxis, and prophylactic donor lymphocyte transfusions are summarized in Supplementary Table S1 .
Donors were investigated for human leukocyte antigen (HLA)-A, HLA-B, HLA-C, HLA-DRB1, and HLA-DQB1. In this study, 10/10 HLA-matched related (MRD), unrelated donors (MUD), 1-2 antigen/allele mismatched related (MMRD) and unrelated donors (MMUD) were included. The most frequent donors were MUD (52.5%), followed by MRD (33.3%), MMUD (13.7%) and MMRD (0.5%). The most frequent stem cell source (95.7%) were stem cells collected from peripheral blood. CD 34 + cell infusions ranged from 1.2 to 23.1 × 10 6 cells/kg. GVHD prophylaxis was available for 720 patients, most of them received cyclosporine A (CyA) plus mycophenolate mofetil (MMF; n = 573), followed by tacrolimus plus MMF (n = 112), CyA alone (n = 28), and CyA plus methotrexate (n = 7). Prophylactic donor lymphocyte transfusions were given if patients did not show any evidence for GVHD either at day 120 or 30 days after discontinuation of the immunosuppression [3,7,10-12].
Survival Outcome
The follow-up period ranged from 0.7 to 145 months. The pooled 1-, 2-and 3-year OS rates were 59.6% (95% CI, 47.9-70.2%; I 2 94%; Figure 2A ) [6] [7] [8] [14] [15] [16] , 48.4% (95% CI, 37.3-59.6%; I 2 96%; Figure 2B [3, 6, 8, 10, [13] [14] [15] [16] , and 40.2% (95% CI, 28.0-53.7%; I 2 96%; Figure 2C ) [6, 7, 11, 12, [14] [15] [16] , respectively. The pooled 1-, 2-and 3-year LFS were 57.4% (95% CI, 38.6-74.2%; I 2 98%; Figure 2D ) [6, [14] [15] [16] , 49.4% (95% CI, 38.1-60.8%; I 2 95%; Figure 2E [3, 6, 9, [13] [14] [15] [16] , and 39.3% (95% CI, 26.4-53.9%; I 2 97%; Figure 2F ) [6, 7, 12, [14] [15] [16] , respectively. The pooled 2-and 3-year RR were 31.3% (95% CI, 21.1-43.8%; I 2 96%; Figure 3A ) [3, 6, 10, [13] [14] [15] [16] and 41.9% (95% CI, 30.9-53.8%; I 2 95%; Figure 3B ) [6, 7, 11, 12, [14] [15] [16] , respectively.
A total of 4 studies [3, 6, 9, 11] reported the rate of full chimerism at day +28 (defined as the presence of > 98% of HLA belonging to the donor) and the pooled rate across the 4 studies was 82.9% (95% CI, 69.7-91.1%; I 2 77%) ( Figure 3C ). Donors were investigated for human leukocyte antigen (HLA)-A, HLA-B, HLA-C, HLA-DRB1, and HLA-DQB1. In this study, 10/10 HLA-matched related (MRD), unrelated donors (MUD), 1-2 antigen/allele mismatched related (MMRD) and unrelated donors (MMUD) were included. The most frequent donors were MUD (52.5%), followed by MRD (33.3%), MMUD (13.7%) and MMRD (0.5%). The most frequent stem cell source (95.7%) were stem cells collected from peripheral blood. CD 34 + cell infusions ranged from 1.2 to 23.1 × 10 6 cells/kg. GVHD prophylaxis was available for 720 patients, most of them received cyclosporine A (CyA) plus mycophenolate mofetil (MMF; n = 573), followed by tacrolimus plus MMF (n = 112), CyA alone (n = 28), and CyA plus methotrexate (n = 7). Prophylactic donor lymphocyte transfusions were given if patients did not show any evidence for GVHD either at day 120 or 30 days after discontinuation of the immunosuppression [3,7,10-12].
A total of 4 studies [3, 6, 9, 11] reported the rate of full chimerism at day +28 (defined as the presence of > 98% of HLA belonging to the donor) and the pooled rate across the 4 studies was 82.9%
(95% CI, 69.7-91.1%; I 2 77%) ( Figure 3C ). 
Complications of HSCT
A total of 9 studies reported the rate of Grade 2-4 aGVHD. The pooled rate across those studies was 29.0% (95% CI, 25.5-32.7%; I 2 63%; Figure 4A ) [3, [9] [10] [11] [12] [13] [14] [15] [16] , whereas the pooled rate of cGVHD was 35.6% (95% CI, 30.0-41.6%; I 2 84%; Figure 4B ), which was derived from 9 studies [3, 7, 9, 10, [12] [13] [14] [15] [16] .
There was a slight increase in the rate of NRM for each year of follow-up with the pooled 1-year NRM rate of 17.9% (95% CI, 16.1-19.8%; I 2 0%; Figure 4C ) [3, 6, 7, [14] [15] [16] , and the pooled 3-year NRM rate of 21.1% (95% CI, 18.8-23.7%; I 2 30%; Figure 4D ) [6, 7, 9, 11, 12, [14] [15] [16] . 
A total of 9 studies reported the rate of Grade 2-4 aGVHD. The pooled rate across those studies was 29.0% (95% CI, 25.5-32.7%; I 2 63%; Figure 4A ) [3, [9] [10] [11] [12] [13] [14] [15] [16] , whereas the pooled rate of cGVHD was 35.6% (95% CI, 30.0-41.6%; I 2 84%; Figure 4B ), which was derived from 9 studies [3, 7, 9, 10, [12] [13] [14] [15] [16] . There was a slight increase in the rate of NRM for each year of follow-up with the pooled 1-year NRM rate of 17.9% (95% CI, 16.1-19.8%; I 2 0%; Figure 4C ) [3, 6, 7, [14] [15] [16] , and the pooled 3-year NRM rate of 21.1% (95% CI, 18.8-23.7%; I 2 30%; Figure 4D ) [6, 7, 9, 11, 12, [14] [15] [16] . 
Subgroup Analysis
The pooled 3-year OS rate of the patients who achieved CR1 or CR2 prior to HSCT was 60.1% (95% CI, 55.1-64.8%; I 2 48%; Figure 5A ) [14, 15] and 3-year LFS was 55.2% (95% CI, 51.6-58.7%; I 2 0%; Figure 5B ) [14, 15] . As for the patients with relapse or refractory disease, the pooled 3-year OS and LFS rates were 27.8% (95% CI, 23.3-32.8%; I 2 47%; Figure 5C ) [11, 12, 16 ] and 23.7% (95% CI, 21.1-26.6%; I 2 0%; Figure 5D ) [12, 16] , respectively. A subgroup analysis based on the reported conditioning regimens showed that the patients receiving a TBI-based regimen had a pooled 3-year OS rate of 58.5% (95% CI, 47.2-68.9%; I 2 82%; Figure 6A) [7, 14, 15] and a pooled 3-year LFS of 54.0% (95% CI, 43.6-64.1%; I 2 80%; Figure 6B ) [7, 14, 15] . With regard to the patients receiving Bu-based regimens, the pooled 3-year OS rate was 
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Sensitivity Analysis
A sensitivity analysis was performed by excluding five studies by Ringden et al. [12] , Malard et al. [13] , Heinicke et al. [14] , Sheth et al. [15] and Saraceni et al. [16] from the pooled analyses based on a concern over double-counting of patients. These five studies collected and reported data of patients who were treated at several medical centers and some centers also reported their own data separately (including the studies by Schmid et al. [3] , Holtick et al. [6] , Krejci et al. [7] , Saure et al. [9] , Schneidawind et al. [10] , and Pfrepper et al. [11] , which were included in this meta-analysis). The pooled 3-year OS, 3-year RR, and 3-year LFS were 34.9%, 47.2% and 41.6%, respectively. The new pooled results, after exclusion of the aforementioned studies, were fairly similar to the results of the original analysis as demonstrated in Supplementary Data 3.
Discussion
Although HSCT remains the most effective treatment option for AML, data from the National Cancer Data Base on patients with AML aged ≥ 61 years who were diagnosed between 2003 and 2012 found that only about 6% of older patients (n = 17,555) underwent HSCT [20] . RIC regimens were subsequently introduced with the aim of reducing adverse effects and making HSCT feasible for elderly and fragile patients. However, RIC regimens alone may not be sufficient for patients with high-risk features, such as persisting disease [21] . To overcome this limitation, FLAMSA-RIC was introduced in 2005 and has been adopted in many countries [3] . The current study is the first systematic review and meta-analysis to examine the efficacy and toxicity of the 
Sensitivity Analysis
Discussion
Although HSCT remains the most effective treatment option for AML, data from the National Cancer Data Base on patients with AML aged ≥ 61 years who were diagnosed between 2003 and 2012 found that only about 6% of older patients (n = 17,555) underwent HSCT [20] . RIC regimens were subsequently introduced with the aim of reducing adverse effects and making HSCT feasible for elderly and fragile patients. However, RIC regimens alone may not be sufficient for patients with high-risk features, such as persisting disease [21] . To overcome this limitation, FLAMSA-RIC was introduced in 2005 and has been adopted in many countries [3] . The current study is the first systematic review and meta-analysis to examine the efficacy and toxicity of the FLAMSA-RIC regimen for patients with AML and MDS. Recently published trials comparing MAC vs. RIC showed controversial results. For example, in the study of Scott et al., RIC led to significantly lower TRM but higher relapse rates compared with MAC, suggesting the use of MAC as the standard of care for fit patients with AML and MDS in CR [22] . In contrast, Bornhäuser et al. did not observe any difference between RIC and MAC with regards to relapse rate, OS and TRM for intermediate and high-risk AML patients [23] . We found a pooled 2-year OS rate of approximately 50%, which is lower than the reported results of Scott et al. [24] . The authors reported a higher 3-year RR with 46% with Flu/Bu2 and 56% with Flu/Bu2+ATG. In line with this finding, a recent retrospective EBMT analysis demonstrated a lower RR for FLAMSA-RIC compared to Flu/Bu2 in AML patients in CR1 and CR2 [14] , suggesting that this patient group could benefit from FLAMSA-RIC. The clinical outcome was similar using either a TBI or Bu-based FLAMSA regimen. Considering the side-effects of TBI, FLAMSA-Bu appears to be an effective alternative to FLAMSA-TBI.
With regard to patients with active disease in this meta-analysis, the 3-year OS and LFS rates were 27.8% and 23.7%, respectively. Given, that only 46% of AML patients with induction failure respond to chemotherapy and that 52% with refractory disease die within 90 days [25] , FLAMSA-RIC is a reasonable treatment option for this otherwise difficult to treat patient cohort. Interestingly, Bohl et al. recently showed a correlation between tumor load and outcome for FLAMSA-RIC, underscoring the relevance of a high tumor burden as one of the strongest negative predictors for treatment outcome after HSCT especially in relapsed or refractory AML patients [8] . Although Goyal et al. showed that the exclusive presence of extramedullary disease did not impact on outcome after HSCT [26] , Bohl et al. noted that that FLAMSA-RIC followed by HSCT is not effective in patients with concurrent active bone marrow and extramedullary disease [8] , which led to a change of practice in our institution.
The results may also suggest that the addition of FLAMSA to RIC may help to alleviate the aggressive behavior of the disease, which will ultimately help to improve survival outcome. Furthermore, the FLAMSA-RIC regimen did not appear to increase the risk of serious toxicity with the comparable 1-year NRM rate to those who received RIC regimens alone (17.9% versus 28% [27] , respectively), as well as the comparable rate of grade 2-4 aGVHD events (29% versus 35% [27] , respectively).
The limitations of this study are mainly due to the observational nature of the included primary studies. Varying event rates such as OS, LFS and RR among the included studies could attributed to differences in the analyzed patient cohorts and treatment protocols in each study. Furthermore, without a direct prospective head-to-head comparison, a conclusion on whether the FLAMSA-RIC regimen offers a superior survival benefit compared with RIC regimens alone among patients who do not achieve CR cannot be made. Randomized controlled trials comparing the FLAMSA-RIC regimen with RIC regimens alone are still needed. Ongoing randomized trials such as NCT01423175 and NCT00606723 comparing FLAMSA-RIC with alternative conditioning regimes will eventually prove its efficacy and toxicity as a standard conditioning protocol for high risk AML.
Conclusions
A FLAMSA-RIC regimen is an effective and well-tolerated regimen for HSCT in patients with AML and MDS, even among those who do not achieve complete remission. Table S1 : FLAMSA-RIC regimen, GvHD prophylaxis, and prophylactic donor lymphocyte transfusions in each study.
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